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a  b  s  t  r  a  c  t
Standard  toxicological  assays  using  the zebraﬁsh  model  system  evaluate  lethality  and  teratogenicity
upon  exposure  during  the  ﬁrst  2  days  after  fertilization.  We  tested  the  biological  effects  of several  widely
used drugs  on zebraﬁsh  by acute  treatment  for 24  h  starting  at late  embryonic  stages,  between  48  and
72 h post-fertilization.  For  4  out  of  6 compounds,  we  observed  a  higher  sensitivity  of  late stage  zebraﬁsh
embryos  for  general  toxicity  (lethality)  compared  to  younger  embryos.  Morphological  defects  such  as
edema,  body  curvature,  delayed  growth,  decreased  heart  rate  and  locomotion  were  observed  for  each  of
the  compounds  tested,  often  at sublethal  concentrations.  Gene  expression  studies  on a set  of  four  selected
genes revealed  a speciﬁc  regulatory  pattern  for the  different  compounds  tested.  Our  results  allow  us to
compare  various  toxicological  endpoints  and  may  contribute  to  the  design  of a rational  high  throughput
approach  using  the  zebraﬁsh  model.
© 2012 Elsevier Inc. All rights reserved.
1. Introduction25
Due to their numerous biological and technological advantages26
(e.g. small size, ex vivo development and larvae transparency),27
zebraﬁsh larvae allow observation of drug effects in vivo on a large28
number of individuals, as shown by several drug screening pro-29
grams that have been performed using this model [1,2]. Studies30
include lethal, teratogenic, cardiological, neurological [3] or behav-31
ioral effects [4],  while zebraﬁsh models for diseases such as cancer32
[5–7] or Alzheimer [8,9] are used for pharmacological assays to33
test drug efﬁciency. Taken together, these considerations make34
zebraﬁsh a very powerful toxicological model [10,11].35
Biological effect tests in zebraﬁsh are usually performed by con-36
tinuous exposure of the embryos to the test compound starting at37
the earliest possible stage, i.e. 2–3 h post-fertilization (hpf). Typi-38
cal evaluated endpoints are the major developmental events, such39
as gastrulation, conversion-extension, epiboly, segmentation, tail40
detachment, otolith and eye formation, heart beat and blood cir-41
culation [12], all taking place during the ﬁrst 48 h of development.42
∗ Corresponding author. Tel.: +32 4 366 4437; fax: +32 4 366 4198.
E-mail address: m.muller@ulg.ac.be (M.  Muller).
Recently, comparison of purely teratogenesis tests (concentrating 43
on the effects during the ﬁrst 48 h) with tests in adults revealed 44
that exposure should be extended beyond 48 hpf for better con- 45
sistency [13]. The third day of zebraﬁsh development is critical for 46
organogenesis in the developing larva; many regulatory pathways 47
involved in early development still play a role during these later 48
stages, while other potential drug targets might only be present 49
in older larvae or adults. To evaluate speciﬁcally the importance 50
of this late developmental period in teratogenesis, we decided to 51
let the embryos develop normally until 48 hpf and then to investi- 52
gate the effects of various compounds by exposure between 48 hpf 53
and 72 hpf. Comparison of these results with those obtained upon 54
exposure at earlier stages would allow to gain new insight into the 55
timing of a particular effect during development and possibly also 56
about the molecular mechanism of action. Near completion of the 57
zebraﬁsh genome allows genetic approaches to determine mod- 58
ulation of gene expression induced by drug exposure. One of our 59
additional aims was  to assess gene expression changes caused by 60
drug treatment during the organogenesis period, between 2 and 61
3 dpf. 62
Pharmaceuticals recently attracted the attention of the scientiﬁc 63
community as a new class of environmental contaminants. Exten- 64
sively used in human and veterinary medicine, these compounds 65
0890-6238/$ – see front matter ©  2012 Elsevier Inc. All rights reserved.
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are excreted after application in their native or metabolized form66
and are increasingly found in aquatic systems [14–16] and even in67
(chlorinated) drinking water [17–19],  thus triggering the concern68
about their pharmacological effects on the aquatic fauna. Among69
these molecules, neuroactive compounds appear as a major target70
for such evaluations, due to their increasing human consumption71
and consequently their presence in wastewater. We  chose valproic72
acid (VPA), carbamazepine (CBZ) and lithium that are used for treat-73
ment of bipolar disorders, while VPA and CBZ also act on epilepsy74
[20,21].  Pentobarbital was chosen as a representative of barbitu-75
rates, largely known for their sedative, anxiolytic, anticonvulsive76
and hypnotic properties. Two anxiogenic drugs were also tested:77
caffeine and theophylline.78
Here, we assessed various biological effects of psychotropic79
drugs on zebraﬁsh larvae.80
– We  determined lethality at 72 hpf after 24 h of exposure and com-81
pared these results to those obtained by exposure during the ﬁrst82
2 days of development,83
– we investigated whether exposure between 48 and 72 hpf would84
lead to morphological defects,85
– we determined cardiac or behavioral effects,86
– and ﬁnally we analyzed modulation of gene expression at 72 hpf87
after 24 h of exposure.88
2. Materials and methods89
2.1. Substances90
Carbamazepine (CBZ), valproic acid (VPA), caffeine, theophylline, lithium chlo-91
ride (LiCl) and pentobarbital were purchased from Sigma Aldrich (St. Louis, MO).92
Stock solutions were prepared by dissolving the pure chemicals in E3 medium (caf-93
feine, theophylline, VPA, pentobarbital and LiCl) or ethanol (CBZ) and then diluted to94
the desired concentrations in E3 medium. Final ethanol concentrations were ≤1% in95
the treatment solution. Effects of ethanol alone were evaluated at 1%, the maximum96
concentration used during the assays.97
2.2. Zebraﬁsh maintenance98
Adult zebraﬁsh strain AB (ZIRC, Eugene, OR) was  kept at 28 ◦C as described [22].99
The light:dark cycle was  14:10 h. Wild-type ﬁsh were mated and spawning was100
stimulated by the onset of light. Then, eggs were collected and placed at 28 ◦C in Petri101
dishes containing E3 medium (5 mmol/L NaCl, 0.17 mmol/L KCl, 0.4 mmol/L CaCl2,102
and 0.16 mmol/L MgSO4). Embryos and larvae were staged according to Kimmel et al.103
[23]. The age of the embryos and larvae is indicated as hours post fertilization (hpf)104
or days post fertilization (dpf). Animal care and all experimentation were conducted105
in compliance with Belgian and European laws (Authorization: LA1610002 Ethical106
commission protocol ULg1076 and ULg624).107
2.3. Drug treatment and larvae observation108
Treatments were administered to 2 dpf zebraﬁsh larvae distributed in pools of109
25 into 6-well plates in E3 medium. One day post treatment (3 dpf), the larvae were110
rinsed twice in E3 before observation. All experiments were carried out at least in111
triplicate on n = 25 larvae per test, each experiment was performed at least three112
times. Survival and morphological/developmental defects were assessed on days 1113
and 4 days post treatment (3 and 6 dpf) using an Olympus SZX10 stereomicroscope114
coupled with an Olympus XC50 camera. To assess teratogenicity, the surviving lar-115
vae were observed for morphological defects and the number of larvae presenting at116
least one morphological defect was reported as percentage of the surviving larvae.117
For LC50, LC10, EC50 and EC10 values, Graphpad software was  used. The teratogenic118
index (TI), deﬁned as the ratio between LC50 and EC50, was  calculated; a substance119
is considered to be teratogenic when TI > 1, and considered as producing embryo120
lethal effects when TI ≤ 1. For early lethality determination, treatments were sim-121
ilarly performed starting at 4 hpf and the survival rates were assessed at 24 and122
48 hpf after continuous treatment.123
2.4. Heart rate124
Heart beat rate was determined after 1 day treatment (3 dpf) by manual counting125
using an Olympus SZX10 stereomicroscope during 1 min  on at least n = 10 larvae per126
condition in triplicate. The results are presented as beats per min  (bpm).127
2.5. Behavioral measurements 128
The behavior of individual exposed and control larvae was analyzed 4 days after 129
drug exposure (6 dpf) using the Zebrabox (Viewpoint, Lyon, France). For each larvae, 130
activity (fraction of time spent in activity) and velocity (distance covered during 131
active episodes) were determined according to the manufacturer’s instructions by 132
recording movement during 1 min time intervals, accumulated over 30 min  on at 133
least n = 10 larvae in triplicate, the results are presented in percent for activity and 134
mm/s  for velocity. 135
2.6. Reverse transcription and real time polymerase chain reaction 136
Total RNA from pools of 100 treated or control larvae was isolated with Trizol 137
(Invitrogen, Cergy Pontoise, France) using the RNeasy extraction kit (Qiagen, Venlo, 138
Netherlands) and reverse transcribed by Moloney murine leukemia virus reverse 139
transcriptase (Promega, Madison, WI)  using random hexamer primers (Promega, 140
Madison, WI). At least three pools were analyzed for each treatment and the corre- 141
sponding control. Real-time quantitative PCR (qPCR) was performed with AmpliTaq 142
Gold polymerase in an Applied Biosystem 7500 Fast thermocycler using the standard 143
SyBr Green detection protocol (Applied Biosystems, Foster City, CA). Brieﬂy, 12 ng of 144
total cDNA, 50 nM (each) primers, and 1× SyBr Green mixture were used in a total 145
volume of 20 L. The results were analyzed using the -actin cDNA ampliﬁcation as 146
internal standard and fold-change was calculated relative to untreated control using 147
the Ct method [24]. qPCR analysis on each RNA sample was  performed in trip- 148
licate and one representative result out of at least three independent experiments 149
is shown. 150
The PCR primers are described below. -actin primers: 5′- 151
CAGACATCAGGGAGTGATGG-3′ (forward) and 5′-ATGGGGTATTTGAGGGTCAG-3′ 152
(reverse). uchl1 primers: 5′-GCTCTTCCCTTTAACGCAAC-3′ (forward) 153
and 5′-CCACAGGAGTTGACCACAGT-3′ (reverse). hsp70 primers: 5′- 154
CCGAAGAGAAGCGACTTGAC-3′ (forward) and 5′-GCGATTCCTTTTGGAGAAGAC-3′ 155
(reverse). gst-pi primers: 5′-TCCCTACACACTCACATACTT-3′ (forward) and 5′- 156
CAAAGGTCACCAGGTTCTCC-3′ (reverse). mmp13 primers: 5′-TCAAGGTGTC- 157
TGGAAAGCTG-3′ (forward) and 5′-AGGCCTTGATGTCTGGAACT-3′ (reverse). 158
2.7. Statistical analysis 159
All statistical analyses were performed using Graphpad prism for Windows 160
(version 5.03) LC50, LC10, EC50 and EC10 were calculated by plotting the sur- 161
viving/affected larvae against the log transformed tested concentration and the 162
obtained curve was  ﬁtted to a sigmoidal concentration–response relation according 163
to the following equation:
164
Y = Bottom + (Top − Bottom)
1 + 10log EC50−x
165
where bottom and top represent, respectively, the lowest and the highest y-value 166
(% survivors/affected). The resulting calculated log EC/LC were extracted and their 167
corresponding S.D. (suppl Table 1). 168
The decrease/increase of heartbeat, locomotion and gene expression were ana- 169
lyzed using one-way ANOVA followed by Dunnett’s multiple comparison test [25]. 170
Signiﬁcance was considered when P values were lower than 0.05 for heart rate, 171
behavior and qPCR. ***Indicates statistical signiﬁcance P < 0.005, **P  < 0.01, *P < 0.05. 172
Results are expressed as mean ± S.D. 173
3. Results and discussion 174
Treatment with the different psychotropic drugs was initiated at 175
48 hpf and the zebraﬁsh embryos were exposed for 24 h. After that, 176
the drugs were washed away and the embryos were analyzed for 177
survival and/or morphological defects either immediately or after 178
a deﬁned period in uncontaminated medium. In addition, various 179
additional end-points were analyzed at the most appropriate stages 180
in each case. The results presented in this paper were obtained in 181
triplicate on at least 25 embryos per point. Each experiment was 182
performed at least three times. 183
3.1. Lethal concentrations of psychotropic compounds 184
While no effect on survival was observed at any time point fol- 185
lowing exposure to 1% ethanol, the highest concentration of solvent 186
used in these experiments, exposure of zebraﬁsh embryos to psy- 187
chotropic molecules resulted in decreased survival depending on 188
the concentration of the speciﬁc compound. Survival rates were 189
ﬁrst analyzed at 1 dpttt (3 dpf) for several concentrations in the 190
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Fig. 1. Survival and morphological defects of larvae 1 day after exposure to psychotropic drugs. Fraction of surviving larvae or larvae presenting any morphological defect
at  3 dpf upon exposure to VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F) psychotropic drugs for 24 h. Experiments were performed at least in
triplicate with each time n = 25 larvae per point. Fraction of larvae presenting morphological defects are represented in dotted lines.
medium (Fig. 1) and LC50-48/72 was determined for each com-191
pound (Fig. 1, Table 1 and suppl. Table 1). LC50-48/72 for VPA, CBZ,192
LiCl, pentobarbital, caffeine and theophylline were, respectively,193
155 M,  444 M,  208 M,  2.147 mM,  5.173 mM and 5.845 mM,  as194
summarized in Table 1. The results of our survival tests clearly show195
that all the compounds are lethal to zebraﬁsh larvae at various196
concentrations.197
The surviving larvae were further incubated in fresh, uncon-198
taminated E3 medium at 28 ◦C for 72 h and reanalyzed for delayed199
lethality at 6 dpf (Fig. 2). Lethal concentrations, deﬁned as LC50-200
48/144, were 91 M,  427 M,  179 M,  1.885 mM,  2.687 mM and201
2.678 mM,  respectively, for VPA, CBZ, LiCl, pentobarbital, caffeine202
and theophylline, as reported in Table 1. LC50 values for delayed203
lethality were lower for each of the compounds tested here,204
although the larvae were not further exposed to the toxicant.205
For comparison, we also determined the lethal concentrations206
of these compounds at early developmental stages by starting the207
treatment of the embryos at 4 hpf and evaluating survival at 24208
and 48 hpf. The corresponding LC50-4/24 and LC50-4/48 values are,209
respectively, 1.1 mM and 1 mM for VPA or 212 M and 181 M for210
CBZ (Table 1), while LiCl, pentobarbital and theophylline exerted211
only minimal effects at the highest tested concentration (higher212
than 20, 10 and 25 mM,  respectively, see also Table 1). Only caffeine 213
appears to induce similar (LC50-4/24 = 5 mM and LC50-4/48 = 5 mM 214
versus LC50-48/72 = 5.173 mM)  toxicity in earlier larvae compared 215
to 2-days old animals. Thus, comparison of lethal concentrations at 216
later stages (LC50-48/72 or LC50-48/144) to those determined at 217
early stages (LC50-4/24 and LC50-4/48) reveals that early devel- 218
opmental stages display a much lower sensitivity to 4 out of 6 219
compounds tested here. 220
3.2. Morphological defects 221
To assess the developmental defects caused in the zebraﬁsh lar- 222
vae by exposure to these psychotropic molecules, embryos were 223
treated with different concentrations of each compound at 48 hpf 224
and assessed 1 day later (3 dpf) for occurrence of morphological 225
defects. While precluding the possibility to observe early develop- 226
mental effects, we concentrated on perturbations during later life 227
stages such as dorsal curvature (DC), pericardial edema (PE), yolk 228
sac edema (YE), hemorrhage or altered size (Fig. 3). The fraction 229
of the surviving embryos presenting one of the described mor- 230
phological abnormalities was  determined (Figs. 1 and 2) for the 231
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Table 1
Molecules tested and their effects on lethality.
LC50-4/24 LC50-4/48 LC50-48/72 LC10-48/72 LC50-48/144 LC10-48/144
Valproic acid 1.1 mM 1.02 mM 155 M 135 M 91 M 67 M
Carbamazepine 212M 181 M 444 M 339 M 427 M 401 M
Lithium chloride LiCl >20 mM >20 mM 208 M 199 M 179 M 173 M
Pentobarbital >10 mM >10 mM 2.147 mM 1.848 mM 1.885 mM 1.538 mM
Caffeine 5 mM 5 mM 5.173 mM 2.551 mM 2.687 mM 2.321 mM
Theophylline >25 mM >25 mM 5.845 mM 3.781 mM 2.678 mM 1.308 mM
The table shows the name and chemical structure of the different pharmaceuticals tested here. LC50 and LC10 were obtained under the different conditions (treatment
starting  at 4 hpf, observation at 24 hpf: LC50-4/24; observation at 48 hpf: LC50-4/48 and treatment from 48 to 72 hpf, observation at 72 hpf: 48/72; observation at 144 hpf:
48/144).
different concentrations of each compound; representative pic-232
tures are shown (Fig. 3).233
Developmental defects were ﬁrst analyzed at 1 dpttt (3 dpf)234
(Fig. 1) and EC50-48/72 and EC10-48/72 were determined for each235
compound (Fig. 1, Table 2 and suppl. Table 1). EC50-48/72 for VPA,236
CBZ, LiCl, pentobarbital, caffeine and theophylline were, respec-237
tively,  33 M,  305 M,  232 M,  1.096 mM,  286 M and 535 M as238
summarized in Table 2.239
Defects induced by VPA have been previously studied on240
zebraﬁsh larvae and adults and are very often correlated with its241
ability to inhibit histone deacetylases (HDACs) [26–28].  Absence242
or serious delays in liver, exocrine pancreas [27] and blood vessel243
development [27,29] as well as defects in hematopoiesis [26] were244
observed using transgenic zebraﬁsh lines or in situ hybridization245
experiments. Teratogenic effects such as hatching retardation and246
axial malformation [30] were also described. Our results show that247
all VPA treated, morphologically affected larvae presented edema,248
half of these were pericardial edema (PE), while the fraction of ani-249
mals also exhibiting hemorrhages increased from 49% at 50 M to250
90% at 100 M or higher concentrations of VPA.251
CBZ was previously shown to cause growth retardation at252
423 M and heart deformities at 846 M [31] in 72 hpf zebraﬁsh253
larvae after 3 days continuous exposure, while a decrease in254
swimming speed and an increase in the time to eat midge larvae255
was observed in mature medaka after 8–9 days exposure to256
26 M [32]. In our experiments, the fraction of CBZ treated larvae257
displaying edema increased from 7.7% of the survivors at 300 M258
to 100% above 350 M,  while the fraction also presenting hem-259
orrhages increased from 33% at 350 M,  58% at 400 M to 48% at260
450 M.LiCl was shown to inhibit the phosphoinositide signaling261
pathway in many cells and to severely disrupt axis determination,262
mesoderm induction and patterning in early embryos [33–35].  263
Here we  observed that the major defect caused by LiCl treatment 264
was dorsal curvature (DC).No teratogenic effect was previously 265
described for pentobarbital, however in our experiments pen- 266
tobarbital exposure lead to edema and hemorrhages in all the 267
survivors at concentrations above 2 mM.  268
For caffeine, a kinked tail was described upon acute exposure in 269
2–3 days old embryos [36], while a shorter body length and reduced 270
tactile reﬂex was observed in 24–48 hpf embryos after prolonged 271
exposure [37]. In our experimental setup, we observed that caffeine 272
induced shorter tails at 0.25 mM and dorsal curvature at 0.5 mM in 273
all (96.8%) surviving larvae. At 3 mM,  additional edema and hemor- 274
rhages were also observed (about 30% of surviving larvae presented 275
both alterations), while at higher concentrations all survivors pre- 276
sented edema. 277
Toxic effects of theophylline have been scarcely studied on 278
zebraﬁsh larvae. In our experiments, exposure to theophylline led 279
to a smaller size or curved tail in 5% of the survivors at 0.5 mM  280
(66% of affected larvae). A signiﬁcant fraction of affected larvae also 281
displayed edema at 2 mM  (3%), 5 mM (53%) or 6 mM (100%). 282
The teratogenic index (TI48-72) was also calculated as 283
LC50/EC50. While the effects observed with LiCl (TI = 0.89) and pos- 284
sibly CBZ (TI = 1.46) and pentobarbital (TI = 1.96) may be closely 285
related to their lethality, VPA (TI = 4.66), caffeine (TI = 18.08) 286
and theophylline (TI = 11.58) clearly revealed their teratogenicity 287
(TI  1). 288
The surviving larvae were further incubated in fresh, uncon- 289
taminated E3 medium at 28 ◦C and reanalyzed for delayed 290
morphological effects at 6 dpf, 3 days after removing the various 291
chemicals (Fig. 2) and EC50-48/144 were calculated (Table 2). 292
Two different situations appeared in these tests. For VPA, the 293
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Fig. 2. Survival and morphological defects of larvae 3 days after exposure to psychotropic drugs. Fraction of surviving larvae or larvae presenting any morphological defect
at  6 dpf upon exposure to VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F) psychotropic drugs for 24 h from 48 hpf to 72 hpf. Experiments were
performed at least in triplicate with each time n = 25 larvae per point. Fraction of larvae presenting morphological defects are represented in dotted lines.
fraction of abnormal larvae was similar or slightly increased at294
the lowest tested concentration (50 M),  while for all the other295
substances this fraction was largely decreased or even absent296
in the case of pentobarbital (Fig. 2D). This was not always due297
to the fact that morphologically affected larvae died during the298
additional 3 days period, as best illustrated by the treatment299
with caffeine 0.5 mM where close to all the larvae suffered from300
shorter tails and body curvature at 3 dpf, while no lethality was  301
observed at 6 dpf. Rather, the increased incidence at 3 dpf of 302
edema and hemorrhages with concentrations higher than 3 mM 303
could correlate with late lethality. A similar observation holds 304
true for 1 or 2 mM theophylline or 2 mM pentobarbital. With 305
VPA, edema and hemorrhages observed at 50 M did not lead 306
to late lethality, however the fraction of similarly affected larvae 307
Table 2
Molecules tested and their effects on morphology.
EC50-48/72 EC10-48/72 EC50-48/144 EC10-48/144 TI 48/72 TI 48/144 Defects
Valproic acid 33 M 13 M 31 M 19 M 4.66 2.97 Pericardial edema dorsal
curvature smaller tail
Carbamazepine 305 M 301 M >450 M 326 M 1.46 <1 Dorsal curvature pericardial
edema
Lithium  chloride 232 M 180 M 151 M 148 M 0.89 1.19 Pericardial edema dorsal
curvature
Pentobarbital 1.096 mM 1.041 mM >2 >2 1.96 <1 Pericardial edema
Caffeine 286 M 126 M 4.919 mM 1.241 mM 18.08 0.55 Larval size pericardial edema
Theophylline 535 M 505 M 2.507 mM 1.346 mM 11.58 1.068 Larval size pericardial edema
hemorrhage
The table shows effective concentrations obtained under the different conditions (treatment from 48 to 72 hpf, observation at 72 hpf: EC50-48/72 and EC10-48/72; observation
at  144 hpf: EC50-48/144 and EC10-48/144), teratogenic index and morphological defects that were observed for each drug.
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Fig. 3. Morphological defects after 24 h of exposure. Representative images of 3 dpf larvae after 1 day exposure to psychotropic drugs at the indicated concentrations:
untreated (A), ethanol 1% (B), VPA (C), CBZ (D), LiCl (E), pentobarbital (F), caffeine (G) and theophylline (H).
increased to 100%, suggesting a longer delay in lethality in this308
case.309
Thus, drug treatment from 48 to 72 hpf led to clear morpho-310
logical malformations such as body curvature and slower growth311
that were partially reversible upon withdrawal, while edema and312
hemorrhages appear to mostly lead to delayed lethality.313
3.3. Heart beat analysis314
To assess the effects of psychotropic molecules on zebraﬁsh315
physiology, we also analyzed the heart rate at 3 dpf, imme-316
diately after the different 24 h treatments in the surviving317
individuals (Fig. 4). A dramatic decrease in cardiac rhythm318
was observed upon VPA treatment (31–53bpm compared to 319
165 ± 12 bpm for untreated larvae) (Fig. 4A) at all concentrations 320
tested (50–150 M).  CBZ treated larvae exhibit a signiﬁcant and 321
concentration-dependent decrease of heart rate (from 175 ± 13 in 322
controls to 140 ± 22 at 350 M,  89 ± 18 at 400 M and 75 ± 16 bpm 323
at 450 M),  while no signiﬁcant difference was observed for ETOH 324
1% exposed larvae (157 ± 4) (Fig. 4B). LiCl exposure caused a 325
decreased heart rate from 184 ± 9 in controls to 165 ± 9, 144 ± 8, 326
138 ± 9 and 63 ± 18 bpm, respectively, in 50 M,  100 M,  150 M 327
and 200 M treated larvae (Fig. 4C), while pentobarbital exposure 328
led to heart rate decrease at high concentrations such as 1 mM 329
(140 ± 33) and 2 mM (84 ± 12) (Fig. 4D). Anxiogenic treatments 330
such as caffeine are among the best-studied drugs concerning their 331
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Fig. 4. Psychotropic drugs effects on zebraﬁsh larvae cardiac activity. Cardiac activity was  determined by counting the heart rate of VPA (A), CBZ (B), LiCl (C), pentobarbital
(D),  caffeine (E) and theophylline (F) exposed and non exposed larvae and represented in beats per min. The results were obtained on at least 10 larvae from at least three
independent experiments. ***Statistical signiﬁcance P < 0.005, **P < 0.01, *P < 0.05.
effects on heart rate. In humans, acute administration is often asso-332
ciated with an increased heart rate [38], however a decrease has333
also been documented [39–41].  An increased [42] or decreased334
[36] heart rate has also been previously described in zebraﬁsh. The335
reasons for this discrepancy are unclear. In our experiments, we336
observed a dose-dependent decrease by caffeine at 3, 4 and 5 mM337
(122 ± 25; 90 ± 28 and 85 ± 17 compared to control 179 ± 9 bpm)338
(Fig. 4E) and theophylline 5, 6, 7 and 8 mM (111 ± 36; 73 ± 24;339
59 ± 30 and 40 ± 12 compared to control 173 ± 8 bpm) (Fig. 4F).340
Thus, a single and easily accessible end-point such as heart rate341
is able to predict alterations leading to death in treated embryos,342
mostly at sublethal concentrations and without predicting the343
exact type of alteration.344
3.4. Locomotor defects 345
To analyze the effect of psychotropic drugs on zebraﬁsh lar- 346
vae locomotion, the movements of control and treated larvae were 347
recorded at 6 dpf, i.e. 3 days after terminating the treatment. We  348
determined the activity (Fig. 5), corresponding to the fraction of 349
time spent in locomotion (in %), and velocity (Fig. 6), correspond- 350
ing to the total distance covered by the small movements relative 351
to the duration of the movements (in mm/s). A decrease in activ- 352
ity of the larvae was  observed after exposure to VPA at 50 M 353
(a = 12 ± 14), 100 M (a = 0.04 ± 0.04) and 125 M (1 ± 2) when 354
compared to untreated larvae (38 ± 14), which is paralleled by 355
a decrease in velocity (respectively, 0.3 ± 0.3; 0 ± 0; 0 ± 0.1 and 356
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Fig. 5. Effects of drug exposure on locomotor activity at 6 dpf. Activity was determined for VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F)
exposed larvae. 2-Day-old larvae were exposed for 24 h to the indicated drug at different concentrations and 4 day after drug exposure, larvae movement was  analyzed.
Activity  was calculated according to the manufacturer’s instructions. Measurements were performed on at least 8 larvae, in 1 min intervals during 30 min, and at least in
triplicate. Activity corresponds to the fraction of time spent in locomotion during each 1 min  interval. ***Statistical signiﬁcance P < 0.005, **P < 0.01, *P < 0.05.
0.7 ± 0.3). LiCl exposure at 150 M also led to a decrease of activity357
(18 ± 20) and of velocity (0.4 ± 0.4) when compared to untreated358
larvae (respectively, 33 ± 10 and 0.8 ± 0.2). Caffeine is known to359
induce strong behavioral effects on adult zebraﬁsh after acute expo-360
sure, such as stress and anxiety [43] or habituation responses [44].361
Caffeine and theophylline at 2 mM cause a signiﬁcant decrease362
of activity (from untreated 31 ± 10 and 33 ± 9 to, respectively,363
14 ± 15 and 19 ± 16) associated with a similar effect on velocity364
(0.3 ± 0.3 and 0.5 ± 0.3) when compared to untreated (0.7 ± 0.2365
and 0.8 ± 0.1). A decrease of activity and velocity was  observed for366
400 M CBZ treated larvae (23 ± 20 and 0.5 ± 0.3) when compared367
to untreated larvae (36 ± 11 and 0.8 ± 0.2) while no signiﬁcant368
locomotor effect was observed for pentobarbital and ethanol 1%369
treated larvae. Pentobarbital has been shown to promote a sleep-370
like behavior in adult zebraﬁsh and a decrease of spontaneous371
(locomotor) activity in zebraﬁsh larvae at concentrations ranging 372
from 0.1 to 65 M [45,46] between 20 min  and 2 h after admin- 373
istration, our data indicate that these effects are undetectable 374
3 days after terminating the treatment, even at much higher 375
concentrations. 376
Thus, only VPA induced a dramatic decrease in activity and 377
velocity at the lowest concentration, while CBZ, LiCl, caffeine and 378
theophylline caused a signiﬁcant effect only at the highest con- 379
centrations, with most larvae presenting morphological defects. No 380
effect was  observed for pentobarbital, which also caused no defects 381
at this stage. Although it is unclear at present whether the observed 382
decrease of locomotor activity is due to the observed morpholog- 383
ical defects or to additional effects on neural development, our 384
results suggest a correlation between altered morphology and loco- 385
motor defects. Further studies will reveal whether assessment of 386
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Fig. 6. Effects of drug exposure on locomotor activity at 6 dpf. Velocity was  determined for VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F)
exposed larvae. 2-Day-old larvae were exposed for 24 h to the indicated drug at different concentrations and 4 day after drug exposure, larvae movement was  analyzed.
Velocity  was calculated according to the manufacturer’s instructions. Measurements were performed on at least 8 larvae, in 1 min  intervals during 30 min, and at least
in  triplicate. Velocity corresponds to the distance covered during small movements relative to the duration of the small movements. ***Statistical signiﬁcance P < 0.005,
**P  < 0.01, *P < 0.05.
behavioral effects at earlier stages, such as 4 dpf [47,48] would387
allow a more accurate and sensitive evaluation of biological activity.388
3.5. Gene expression389
Studying the expression of genes involved in various biological390
processes provides a highly sensitive test in toxicological stud-391
ies [49–51].  We  analyzed genes involved in stress response (Heat392
shock protein 70 hsp70),  detoxiﬁcation (glutathione S-transferase393
pi gstpi), neurodegenerative diseases (ubiquitin carboxy-terminal-394
hydrolase L1 uchl1) and inﬂammation (matrix metalloprotease395
13 mmp13). Immediately after exposure to the psychotropic396
compounds for 24 h, total RNA was extracted from control and 397
treated larvae at 3 dpf and the expression of these four marker 398
genes was analyzed by qRT-PCR. Gene expressions were assessed 399
after exposure to the previously determined EC10, EC50, LC10 and 400
LC50 concentrations, except for LiCl where EC50 was higher than 401
LC50. 402
Expression of the hsp70 gene, associated with a proteotoxic 403
stress response, was  increased by treatments with all psychotropic 404
molecules at relevant concentrations (Fig. 7). CBZ induced such 405
an increase (9-fold) only for LC50 concentration. Exposure to VPA 406
and theophylline lead to a signiﬁcant increase of HSP70 expres- 407
sion also at LC10 (about 20-fold), while caffeine exposure lead 408
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Fig. 7. hsp70 expression analysis in zebraﬁsh larvae after psychotropic agent exposure. RT-qPCR analysis was performed on total RNA from control and treated 3 dpf larvae
after  24 h treatment with VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F). mRNA levels were determined using the zebraﬁsh -actin mRNA as
internal standard and their expression relative to untreated controls was  determined. Shown are the means ± S.D. of one representative from three independent experiments.
***Statistical signiﬁcance P < 0.005, **P < 0.01, *P < 0.05.
to an increase for the three highest concentrations (from 7 to409
23-fold) and increased hsp70 expression was observed at all LiCl410
(from 4 to 10-fold) and pentobarbital concentrations (from 5 to411
186-fold).412
Glutathione S-transferases play crucial roles in detoxiﬁcation, 413
but also in redox regulation [52]. The detoxiﬁcation pathway was 414
examined by following gstpi expression (Fig. 8) that was  signif- 415
icantly increased after carbamazepine 444 M (6-fold), while a 416
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Fig. 8. gstpi expression analysis in zebraﬁsh larvae after psychotropic agent exposure. RT-qPCR analysis was  performed on total RNA from control and treated 3 dpf larvae
after  24 h treatment with VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F). mRNA levels were determined using the zebraﬁsh -actin mRNA as
internal standard and their expression relative to untreated controls was determined. Shown are the means ± S.D. of one representative from three independent experiments.
***Statistical signiﬁcance P < 0.005, **P  < 0.01, *P < 0.05.
signiﬁcant decrease was observed for 5.173 mM caffeine exposure417
(4-fold) and 5.845 mM theophylline (10-fold).418
Matrix metalloprotease 13 (mmp13) is involved in inﬂammation419
and skeletal formation [53–55].  Its expression (Fig. 9) was found to420
be increased, following a dose dependant response for pentobarbi-421
tal (from 4 to 23-fold), caffeine (9 and 44-fold) and theophylline (20422
and 149-fold). A signiﬁcant mmp13 expression increase was  also423
observed for VPA 135 and 155 M (10 and 5-fold) and LiCl 180 M 424
(2-fold). Surprisingly, a 2.5-fold decrease was induced by exposure 425
to CBZ 44 M and LiCl 208 M.  426
The uchl1 gene codes for an enzyme of the ubiquitin carboxy- 427
terminal hydrolase family involved in the control of ubiquitin 428
metabolism, required for maintenance of a subset of func- 429
tional neuronal axons and playing a role in protection against 430
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Fig. 9. mmp13 expression analysis in zebraﬁsh larvae after psychotropic agent exposure. RT-qPCR analysis was performed on total RNA from control and treated 3 dpf larvae
after  24 h treatment with VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F). mRNA levels were determined using the zebraﬁsh -actin mRNA as
internal standard and their expression relative to untreated controls was  determined. Shown are the means ± S.D. of one representative from three independent experiments.
***Statistical signiﬁcance P < 0.005, **P < 0.01, *P < 0.05.
neurodegenerative diseases such as Parkinson or Alzheimer431
[56,57].  It was also shown to respond to oxidative stress [56]. The432
uchl1 gene was induced by treatments (Fig. 10)  with VPA (up to433
3-fold) and repressed for the three highest CBZ exposures (0.6-434
fold) and all pentobarbital exposure (from 0.25 to 0.5-fold), while435
no signiﬁcant effect was observed for caffeine and theophylline. A436
weak increase was also observed for 200 M LiCl exposure (1.7-437
fold). Although it was shown that long-term lithium treatment can438
be beneﬁcial in a transgenic mouse model for Alzheimers disease 439
[58], the biological signiﬁcance of our ﬁnding remains at present 440
unclear. 441
When the transcriptional effects of the drugs are represented 442
as a function of concentration for each of the four genes tested 443
(Fig. 11), different groups are apparent. VPA stands out by causing 444
a weak induction of uchl1 and gstpi expression at all concentra- 445
tions, but a biphasic effect on hsp70 and mmp13  gene expression; 446
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Fig. 10. uchl1 expression analysis in zebraﬁsh larvae after psychotropic agent exposure. RT-qPCR analysis was performed on total RNA from control and treated 3 dpf larvae
after  24 h treatment with VPA (A), CBZ (B), LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F). mRNA levels were determined using the zebraﬁsh -actin mRNA as
internal standard and their expression relative to untreated controls was determined. Shown are the means ± S.D. of one representative from three independent experiments.
***Statistical signiﬁcance P < 0.005, **P  < 0.01, *P < 0.05.
Table  3
Lowest observed effect concentrations leading to a signiﬁcant effect for heart rate, locomotion and gene expression analysis compared to EC10-48/72 and LC10-48/72.
Heart rate Locomotion Gene expression EC10-48/72 LC10-48/72
VPA <50 M <50 M <13 M 13 M 135 M
CBZ  <350 M 400 M <305 M 305 M 339 M
LiCl  <50 M 150 M <180 M 180 M 199 M
Pentobarbital 1 mM – <1.04 mM 1.041 mM 1.85 mM
Caffeine 3  mM 2 mM <286 M 126 M 2.55 mM
Theophylline <5  mM 2 mM <3.78 mM 505 M 3.78 mM
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Fig. 11. Gene regulatory effects of psychotropic drugs. Dose dependant response of uchl1 (in green), hsp70 (in red), mmp13 (in blue) and gst-pi (in black) to VPA (A), CBZ
(B),  LiCl (C), pentobarbital (D), caffeine (E) and theophylline (F) at EC10 EC50 LC10 and LC50 concentrations, except for LiCl that was analyzed using LC10, LC50 and EC10.
Fold-change relative to the corresponding untreated control is shown on a logarithmic scale. (G) Gene regulation proﬁle for each drug at LC10 concentration on a radar graph,
representing the four analyzed genes.
repression at low concentrations and induction at higher concen-447
trations. CBZ signiﬁcantly affected gene expression only at LC50448
concentration, with an increase of hsp70 and gstpi and a decrease of449
uchl1 and mmp13 gene expression. LiCl caused an increase of hsp70450
gene expression at all tested concentrations, but an increase at451
EC10 and a decrease at LC50 of mmp13 expression. Pentobarbital,452
caffeine and theophylline caused a dose-dependent increase of453
hsp70 and mmp13 that was already clearly apparent at EC10454
concentrations, while only caffeine and theophylline caused a455
decreased gstpi expression at LC50 (or lower for caffeine). Con- 456
versely, on a radar plot representing the modulation of expression 457
of the four genes by the different drugs at their respective LC10 458
concentration (Fig. 11G), a similarity of the hsp70 and mmp13 gene 459
responses is clearly apparent. Only CBZ exerts opposite effects on 460
these genes. 461
Taken together, our results indicate that gene expression stud- 462
ies on a few genes at 3 dpf after 24 h treatment with various drugs 463
reveal speciﬁc patterns of gene regulation that might provide a 464
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means to classify the toxic potential of various substances and, after465
further studies, to identify the toxic mechanisms involved.466
4. Conclusion467
Zebraﬁsh larvae are increasingly used as a powerful tool to468
investigate the effects of pollutants on an entire living vertebrate.469
Here, we decided to compare various endpoints to detect dele-470
terious biological effects of a limited number of compounds on471
zebraﬁsh larvae. We  limited our study on pharmaceutically active472
compounds (PhACs) that are increasingly found in wastewater and473
end up in the surface water system, thus becoming an important474
issue in pharmacology and ecology.475
We  chose to study the effects of the different compounds by476
exposure between 48 hpf and 72 hpf, a critical period for organo-477
genesis in the developing larva. Although the major events in478
embryo development (gastrulation, conversion-extension, epiboly,479
segmentation) are terminated at this stage, later events such as480
organogenesis and growth also require similar regulatory path-481
ways. In addition, previous studies revealed that extension of482
exposure between 2 and 3 dpf results in a better consistency with483
observations in adults [18]. It was therefore interesting to investi-484
gate the effects speciﬁcally during this period.485
The results of our survival tests clearly show that VPA and LiCl486
are highly toxic (Cat1 <1 mg/l) to zebraﬁsh larvae during this period,487
while pentobarbital, caffeine and theophylline can be declared non488
toxic (>100 mg/ml) based on our tests. CBZ exhibits a category 3489
(10–100 mg/ml) toxicity until 2 dpf and appears to be non-toxic on490
older larvae.491
Interestingly, comparison of lethal concentrations at later stages492
as performed here (LC50-48/72 or LC50-48/144) to those deter-493
mined at early stages (LC50-4/24 and LC50-4/48, see Table 1)494
reveals that early developmental stages display a much lower sensi-495
tivity to most of the tested compounds (4 out of 6), clearly indicating496
that the late stages should be included in lethality tests for complete497
assessment of toxicity. Some of these observations possibly reﬂect498
the fact that the chorion is largely blocking uptake of the drugs dur-499
ing early stages, while hatching takes place during the 48–72 hpf500
period. Thus, an important fraction of older larvae will be directly501
exposed to the compound at least during a part of this treatment502
period. The importance of this phenomenon could be assessed in503
the future by exposing dechorionated embryos to the drugs [59]504
and by assessing the amount of drug that was taken up by the505
embryos by analytical methods such as mass spectrometry. Using506
a different set of toxicants, tests assessing morphological effects507
revealed a higher sensitivity of younger developmental stages [50].508
It is unclear at this point how such divergent observations might509
occur. Hydrophobicity of the compound cannot entirely explain510
the discrepancies, as both studies used water-soluble as well as511
ethanol or DMSO-soluble substances. Note that our study concen-512
trates on pharmacodynamic drugs, which might introduce a bias513
toward molecules that are active in adults and thus more prone to514
exert their effects in older larvae tests. Taken together, our results515
stress the importance to include exposure beyond 48 hpf to cor-516
rectly assess the possibly deleterious properties of compounds.517
We  also analyzed the effects of exposure between 48 and 72 hpf518
on morphology, heart rate, locomotor activity and gene expression.519
These results complement previous studies focusing on early devel-520
opmental defects and they show that many toxic mechanisms are521
still active at later life stages. Our results show that morphological522
and physiological (heart rate) defects are readily observed at con-523
centrations comparable to earlier life stage tests. Behavioral tests,524
as performed here at 6 dpf and 3 days after drug withdrawal proved525
to be quite insensitive except for VPA. Clearly, such tests should526
be performed immediately after or during exposure for sensitive527
results. When comparing the lowest concentrations leading to a sig- 528
niﬁcant effect for each type of analysis (Table 3), gene expression 529
analysis appears clearly as the most sensitive approach to detect 530
biological activity of a compound. Additional genes might be tested 531
in the future and reveal to be even more sensitive. In a high through- 532
put perspective, survival tests or heart rate determination are much 533
easier and cost-effective to perform. Heart rate is affected at con- 534
centrations close to or mostly lower than EC50. However, several 535
drugs such as LiCl or VPA decreased heart rate at concentrations 536
well below their LC50. The induced morphological defects might be 537
causing this decrease (e.g. VPA 50 M),  while those induced by low- 538
est concentrations of caffeine or theophylline will have no effect on 539
heart beat. Thus, heart rate determination could serve as a simple 540
predictor for lethality and for some morphological defects, while 541
other abnormalities will require direct morphological examination 542
to be detected. 543
Some of the PHaCs tested here are found in surface water at 544
concentrations sufﬁcient to induce signiﬁcant lethality and devel- 545
opmental defects in hatching zebraﬁsh larvae, such as CBZ at 546
307 M or caffeine at 1.6 mM [19]. Further investigations will be 547
required to fully assess the impact of this new type of pollution on 548
the aquatic fauna and, possibly on humans. 549
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